INTRODUCTION
============

N-type voltage-gated calcium channel activity in rat superior cervical ganglion (SCG) neurons is modulated by a variety of mechanisms. G-protein--coupled, membrane-delimited pathways have been shown to decrease whole-cell barium current amplitude by selective inhibition of N-type current ([Plummer et al. 1991](#Plummeretal1991){ref-type="bib"}; for review, see [Hille et al. 1995](#Hilleetal1995){ref-type="bib"}). There are several features of membrane-delimited inhibition. This inhibition is mediated by heterotrimeric G-proteins, either activated via G-protein--coupled receptors ([Wanke et al. 1987](#Wankeetal1987){ref-type="bib"}; [Plummer et al. 1991](#Plummeretal1991){ref-type="bib"}), or stimulated directly by GTP ([Plummer et al. 1989](#Plummeretal1989){ref-type="bib"}; [Ikeda 1991](#Ikeda1991){ref-type="bib"}). G-protein--inhibited whole-cell currents characteristically exhibit slowed or "reluctant" voltage-dependent activation ([Bean 1989](#Bean1989){ref-type="bib"}). Finally, G-protein--mediated inhibition can be blocked by dialysis of the cell with GDP-β-S, or relieved temporarily by application of a strong positive voltage step ([Bean 1989](#Bean1989){ref-type="bib"}; [Ikeda 1991](#Ikeda1991){ref-type="bib"}).

The rate of reinhibition of currents facilitated by prepulse application is related to the concentration of activated G-proteins. This was demonstrated with increasing concentrations of GTP-γ-S ([Lopez and Brown 1991](#LopezandBrown1991){ref-type="bib"}), neurotransmitter ([Erlich and Elmslie 1995](#ErlichandElmslie1995){ref-type="bib"}), or free intracellular G~βγ~ ([Zamponi and Snutch 1998](#ZamponiandSnutch1998){ref-type="bib"}). Each of these studies showed that higher levels of G-protein activity resulted in faster rates of reinhibition following facilitation, thereby suggesting that prepulses lead to dissociation of the G-protein from the channel.

Additional modulation of N-type calcium channel activity exists via phosphorylation by protein kinase C. Activation of PKC by phorbol esters leads to an enhancement of whole-cell current amplitude in sympathetic neurons, as well as an attenuation of subsequent transmitter-induced, membrane-delimited inhibition ([Swartz 1993](#Swartz1993){ref-type="bib"}; [Swartz et al. 1993](#Swartzetal1993){ref-type="bib"}; [Zhu and Ikeda 1994](#ZhuandIkeda1994){ref-type="bib"}). Additionally, PKC activation reverses tonic G-protein--mediated inhibition in adult SCG neurons ([Swartz 1993](#Swartz1993){ref-type="bib"}; [Zhu and Ikeda 1994](#ZhuandIkeda1994){ref-type="bib"}), suggesting that one effect of PKC phosphorylation on whole-cell currents is a relief of G-protein--mediated inhibition. The cytoplasmic linker between the first and second domains of the α~1B~ subunit of the channel has been proposed as one possible site for convergence of these pathways ([Zamponi et al. 1997](#Zamponietal1997){ref-type="bib"}; [Hamid et al. 1999](#Hamidetal1999){ref-type="bib"}).

Previous data ([Swartz 1993](#Swartz1993){ref-type="bib"}; [Swartz et al. 1993](#Swartzetal1993){ref-type="bib"}; [Zhu and Ikeda 1994](#ZhuandIkeda1994){ref-type="bib"}) have implicated PKC activity in blocking or reversing G-protein-mediated inhibition. Moreover, it has been suggested that G-protein binding to the channel will block the effects of PKC activation ([Swartz 1993](#Swartz1993){ref-type="bib"}). Although these findings suggest mutual exclusivity between these pathways, conclusive evidence to support this hypothesis has not been documented previously. Our results demonstrate that phosphorylation by PKC is sufficient to block G-protein--mediated inhibition. In addition, we provide evidence that G-protein binding is sufficient to prevent PKC-induced enhancement of whole-cell current amplitude. Finally, we examined the effect of activating PKC on whole-cell currents in the absence of G-protein--mediated inhibition. Our results show that, when GDP-β-S is included in the pipette solution, phosphorylation by PKC is without effect on whole-cell current amplitude, voltage-dependent activation, fast inactivation, or holding potential--dependent inactivation. Taken together, these data support a model of mutual exclusivity and suggest that the primary role of phosphorylation by PKC, in this cell type, is to prevent the channel from exhibiting reluctant gating.

METHODS
=======

Cell Preparation and Culture
----------------------------

SCG were dissected from 1--4 d old Sprague-Dawley rats (Charles River Laboratories) and dissociated by trituration ([Hawrot and Patterson 1979](#HawrotandPatterson1979){ref-type="bib"}). SCG neurons were used for these experiments because ∼80--90% of the whole-cell barium current is N-type ([Plummer et al. 1989](#Plummeretal1989){ref-type="bib"}). Moreover, this cell type has been shown previously to be sensitive to modulation by G-proteins and phosphorylation by protein kinase C ([Swartz 1993](#Swartz1993){ref-type="bib"}; [Zhu and Ikeda 1994](#ZhuandIkeda1994){ref-type="bib"}). Cells were maintained in 5% CO~2~ at 37°C. The culture medium consisted of DMEM supplemented with 7.5% fetal bovine serum, 7.5% calf serum, 100 IU/ml penicillin, 0.1 mg/ml streptomycin, 4 mM [l]{.smallcaps}-glutamine (all from Sigma Chemical Co.), and 0.2 μg/ml nerve growth factor (Bioproducts for Science). After dissociation, cells were plated on poly-[l]{.smallcaps}-lysine--coated glass coverslips and incubated for at least 4 h before recording. Spherical neurons lacking visible processes were selected for recording, and used within 16 h of preparation.

Electrophysiology
-----------------

Barium currents were recorded using the whole-cell configuration of an Axopatch 200B patch-clamp amplifier (Axon Instruments). Except where noted, voltage steps were applied every 4 s from a holding potential of −90 mV. When used, prepulses preceded the test pulse by 5 ms. Currents were recorded at 20--24°C, passed through a four-pole low-pass Bessel filter at 1 kHz, and then digitized at 5 kHz with a 1401 plus interface (Cambridge Electronic Design), except the activation data, which were filtered at 5 kHz and digitized at 20 kHz. Data were collected using the Patch software suite, version 6.3 (Cambridge Electronic Design), and stored on a personal computer for off-line analysis. Capacitive currents were corrected online, and leak currents were subtracted using a scaled-up hyperpolarizing pulse. Pipettes were pulled (PB-7 puller; Narishige) from borosilicate capillary tubes (2-000-210; Drummond Scientific) and heat-polished just before use (MF-9 microforge; Narishige), leading to pipette tip resistances ranging from 2 to 2.5 MΩ. For most recordings, pipette tips were coated with Sylgard (Dow Corning) to minimize capacitance. Drugs were applied via gravity-driven bath perfusion, with an estimated time to complete bath exchange of 5--10 s.

The control bath solution consisted of (mM): 125 NMDG-aspartate, 10 HEPES, 20 barium-acetate, 0.0005 tetrodotoxin, pH 7.5 (296 mOsm). The pipette solution contained (mM): 122 cesium-aspartate, 10 HEPES, 10 EGTA, 5 MgCl~2~, 4 ATP (disodium salt), 0.4 GTP (sodium salt), pH 7.5 (293 mOsm); where indicated, GTP was substituted with 0.1 mM of either GTP-γ-S or GDP-β-S (lithium salts).

Transmitters were excluded from the bath, and G-proteins were directly activated by including GTP or GTP-γ-S in the pipette solution ([Ikeda 1991](#Ikeda1991){ref-type="bib"}). This allowed us to avoid receptor desensitization ([Huganir and Greengard 1990](#HuganirandGreengard1990){ref-type="bib"}), and achieve a reproducible steady state level of G-protein activation. To minimize modulation of channel activity by a pertussis-toxin--insensitive, calcium-dependent diffusible second-messenger pathway, 10 mM EGTA was included in the pipette solution ([Hille et al. 1995](#Hilleetal1995){ref-type="bib"}).

Pharmacology
------------

Phorbol 12-myristate 13-acetate (PMA) and 4-α-phorbol 12-myristate 13-acetate (4-α-PMA) were obtained from Research Biochemicals, Inc. GTP-γ-S and GDP-β-S were obtained from either Research Biochemicals, Inc. or Sigma Chemical Co. The PKC inhibitor bisindolylmaleimide I (BLM) was obtained from Calbiochem Corp., and ω-conotoxin GVIA (CTX) was from Bachem. All other chemicals and reagents were obtained from Sigma Chemical Co. Stock solutions of tetrodotoxin and CTX were prepared in double-distilled water; stock solutions of PMA, 4-α-PMA, and BLM were prepared in DMSO. Currents obtained in control bath solution containing the maximal final concentration of DMSO (0.124%) were indistinguishable from solutions lacking DMSO (not shown).

Data Analysis
-------------

Analysis software included Patch 6.3, Microsoft Excel 97, and Origin 5.0 (Microcal Software, Inc.). Current amplitude was measured isochronically for all recordings. Data are presented as mean ± SEM. Statistical significance was determined using a Student\'s two-tailed, paired *t* test or a two-way *t* test for two means; data were considered significantly different if *P* \< 0.05. Sample size is given in parentheses within the figures, unless provided elsewhere. Fraction remaining was measured as the ratio of current amplitude at the end of the test pulse to the amplitude at the onset of the test pulse (see [Fig. 3](#F3){ref-type="fig"} A); this method of measuring fast inactivation has been described previously as residual fraction of peak current ([de Leon et al. 1995](#deLeonetal1995){ref-type="bib"}). The Boltzmann fits presented in [Fig. 8](#F8){ref-type="fig"}, and the data shown in [Table](#T1){ref-type="table"}, were calculated using the equation: $$\documentclass[10pt]{article}
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RESULTS
=======

Neonatal Rat SCG Neurons Exhibit Tonic G-Protein--mediated Inhibition
---------------------------------------------------------------------

To examine the effects of PKC on whole-cell currents, it was necessary to first confirm that, under our recording conditions, tonic inhibition of whole-cell currents by G-proteins could be observed, and that activating PKC could block this inhibition. Tonic inhibition was observed in neonatal rat SCG neurons in the absence of G-protein--coupled receptor activation, when GTP was included in the pipette solution. Stepping from −90 to +10 mV ([Fig. 1](#F1){ref-type="fig"} A) elicited an inward current whose amplitude was greatly facilitated if this step was preceded by a pulse to +80 mV ([Fig. 1](#F1){ref-type="fig"} B, left, and [Fig. 2](#F2){ref-type="fig"}). 4 s later, current amplitude had returned to baseline, consistent with time-dependent recovery of tonic G-protein--mediated inhibition ([Lopez and Brown 1991](#LopezandBrown1991){ref-type="bib"}; [Zamponi and Snutch 1998](#ZamponiandSnutch1998){ref-type="bib"}).

The increase in current amplitude following a prepulse was voltage dependent, as shown by the current--voltage analysis ([Fig. 1](#F1){ref-type="fig"} B, right). Maximal facilitation was observed from 0 to +10 mV, and dropped to undetectable levels as the test pulse became more positive, consistent with voltage-dependent relief of G-protein--mediated inhibition ([Bean 1989](#Bean1989){ref-type="bib"}; [Ikeda 1991](#Ikeda1991){ref-type="bib"}). Because both maximal inward current and maximal facilitation were observed at a test potential of +10 mV, this voltage was used for subsequent experiments.

Tonic inhibition of whole-cell currents displayed additional characteristics that have been described previously. In addition to decreased current amplitude, G-protein--inhibited whole-cell currents also exhibited slowed activation kinetics and increased facilitation; these effects were more pronounced when GTP-γ-S was substituted for GTP in the pipette solution ([Fig. 1](#F1){ref-type="fig"} C and 2). In contrast, G-protein--mediated inhibition was minimized by dialysis of the cell with GDP-β-S ([Fig. 1](#F1){ref-type="fig"} D). This was reflected by a loss of prepulse facilitation ([Fig. 2](#F2){ref-type="fig"}).

In addition to slowing voltage-dependent activation, modulation by G-proteins has also been shown to decrease voltage-dependent fast inactivation ([Netzer et al. 1994](#Netzeretal1994){ref-type="bib"}). To confirm that the currents recorded under our conditions also displayed a decrease in fast inactivation as a result of modulation by G-proteins, we quantified inactivation by measuring the fraction of initial inward current remaining at the end of the test pulse ([Fig. 3](#F3){ref-type="fig"}; see also [Fig. 1](#F1){ref-type="fig"}). As expected, currents elicited in control bath solution, with GTP in the pipette, showed little inactivation, and application of a prepulse greatly increased fast inactivation. Dialyzing the cell with GDP-β-S had essentially the same effect on fast inactivation as prepulses. In contrast, dialysis with GTP-γ-S greatly decreased inactivation, although application of a prepulse was sufficient to increase fast inactivation to the same level as with GDP-β-S.

Taken together, these results verify that, under the conditions used in this study, inhibition of whole-cell currents by G-proteins is readily observable. Moreover, the effects of this inhibition on current amplitude, facilitation, and kinetics can be completely reversed either by applying prepulses or by including GDP-β-S in the pipette solution.

PMA Enhances Whole-Cell N-Type Currents by Preventing Tonic G-Protein--mediated Inhibition
------------------------------------------------------------------------------------------

PKC activation has been shown previously to enhance whole-cell currents and lead to a reduction in G-protein--mediated inhibition in SCG neurons ([Swartz 1993](#Swartz1993){ref-type="bib"}; [Zhu and Ikeda 1994](#ZhuandIkeda1994){ref-type="bib"}), thereby minimizing prepulse facilitation. Activating PKC had similar effects under our recording conditions. When the phorbol ester PMA (500 nM) was added to the bath of the cell shown in [Fig. 1](#F1){ref-type="fig"} B, current amplitude significantly increased ([Fig. 1](#F1){ref-type="fig"} E and 4). Application of a prepulse after PMA treatment had no effect on amplitude ([Fig. 1](#F1){ref-type="fig"} E and 2), consistent with previous findings that PMA reduces G-protein--mediated inhibition and prepulse facilitation. PMA increased current amplitude over a range of test potentials ([Fig. 1](#F1){ref-type="fig"} E, right), consistent with a loss of voltage-dependent inhibition. In addition to modulating both current amplitude and facilitation, PMA also affected fast inactivation, significantly decreasing the fraction remaining to a level not significantly different than that observed after dialysis with GDP-β-S ([Fig. 1](#F1){ref-type="fig"} and [Fig. 3](#F3){ref-type="fig"}).

If PKC activation is sufficient to account for the increased current amplitude, decreased facilitation, and altered kinetics observed in cells that show tonic inhibition, then we would predict that these three parameters should change along a similar time course. This was addressed by measuring each of these parameters in a single recording ([Fig. 5](#F5){ref-type="fig"}). Indeed, as expected, after application of PMA to the bath, the changes observed in facilitation and fraction remaining closely paralleled the change in unfacilitated current amplitude.

To confirm that the effects observed after PMA application were due to activation of PKC, we conducted two control experiments ([Fig. 2](#F2){ref-type="fig"} [Fig. 3](#F3){ref-type="fig"} [Fig. 4](#F4){ref-type="fig"}). First, the inactive PMA analogue 4-α-PMA ([Van Duuren et al. 1979](#VanDuurenetal1979){ref-type="bib"}) was applied to the bath to determine whether any of PMA\'s effects on currents were due to nonspecific actions of phorbol esters. 4-α-PMA was without effect on facilitation, current amplitude, or fast inactivation. Second, to determine whether PMA\'s effects were due to selective activation of PKC, the PKC-specific inhibitor BLM ([Toullec et al. 1991](#Toullecetal1991){ref-type="bib"}) was applied to the bath before application of PMA. BLM effectively blocked PMA\'s ability to alter facilitation, current amplitude, and inactivation, indicating that PMA\'s effects on whole-cell currents are mediated selectively through PKC activation.

Because neonatal rat SCG neurons contain additional types of calcium currents, the changes in whole-cell currents observed after PMA application could be due to actions on currents other than N-type. Therefore, to examine the effects of PMA on non--N-type currents, cells were incubated in a solution containing the N-type calcium channel blocker CTX for 10 min before patch-clamp recording ([Fig. 2](#F2){ref-type="fig"} and [Fig. 4](#F4){ref-type="fig"}). CTX was excluded from the recording solutions to allow washout of any reversible block of non--N-type calcium channels ([McCleskey et al. 1987](#McCleskeyetal1987){ref-type="bib"}; [Plummer et al. 1989](#Plummeretal1989){ref-type="bib"}). Consistent with neonatal SCG neurons expressing mostly N-type calcium current, CTX blocked 80--85% of the whole-cell current (not shown). As previously demonstrated in adult rat SCG neurons ([Ikeda 1991](#Ikeda1991){ref-type="bib"}), facilitation of whole-cell currents was lost after treatment with CTX ([Fig. 2](#F2){ref-type="fig"}), consistent with G-protein--mediated inhibition being restricted to N-type current. Even after N-type channels were blocked, however, bath application of 500 nM PMA caused a slight but significant increase in the amplitude of currents elicited both with and without a prepulse ([Fig. 4](#F4){ref-type="fig"}). There was no significant difference between the fold change of unfacilitated and facilitated currents, suggesting that PMA\'s effect on non--N-type current is independent of voltage. These data are consistent with previous studies of rat CA3 hippocampal neurons ([Swartz 1993](#Swartz1993){ref-type="bib"}), frog sympathetic neurons ([Yang and Tsien 1993](#YangandTsien1993){ref-type="bib"}), and adult rat SCG neurons ([Zhu and Ikeda 1994](#ZhuandIkeda1994){ref-type="bib"}), in which phorbol esters increased current amplitudes after application of CTX, suggesting that non--N-type calcium channel activity might also be modulated by protein kinase C. This increase was ∼15% of currents already inhibited at least 80% by CTX treatment. Therefore, the contribution of non--N-type calcium current in response to PMA in untreated cells can be considered negligible and is not considered further.

G-Protein--mediated Inhibition Blocks PKC\'s Effect on Whole-Cell Currents
--------------------------------------------------------------------------

We observed that PMA only affected whole-cell currents that demonstrated G-protein--mediated inhibition, causing a relief of that inhibition ([Fig. 1](#F1){ref-type="fig"} and [Fig. 4](#F4){ref-type="fig"}). Moreover, PMA appeared to act faster when prepulses were applied during the recording. This is consistent with the previous observation that relatively long prepulses were required to demonstrate PMA\'s effect on G-protein--mediated inhibition ([Swartz 1993](#Swartz1993){ref-type="bib"}). Because prepulses are thought to cause the dissociation of the G-protein from the channel ([Lopez and Brown 1991](#LopezandBrown1991){ref-type="bib"}; [Zamponi and Snutch 1998](#ZamponiandSnutch1998){ref-type="bib"}), we examined whether phosphorylation by PKC occurs only when the channel is not associated with a G-protein. To address this, we measured the effect of prepulses on PMA\'s ability to enhance maximally inhibited currents; i.e., when GTP-γ-S was included in the pipette solution.

After membrane breakthrough, current amplitude rapidly decreased ([Fig. 6](#F6){ref-type="fig"} A). This decrease was due to influx of GTP-γ-S and subsequent activation of G-proteins, as application of a prepulse was sufficient to restore current amplitude. Currents were then elicited without prepulses, to minimize dissociation of G-protein--channel interactions. In the absence of prepulses, PMA was essentially without effect on whole-cell current amplitude ([Fig. 6](#F6){ref-type="fig"} C). Even after 8 min of stimulation with PMA, considerable G-protein--mediated inhibition remained, as prepulses could still facilitate current amplitude ([Fig. 6](#F6){ref-type="fig"} A).

In separate experiments, currents were recorded in which every other test pulse to +10 mV was preceded by a pulse to +80 mV ([Fig. 6](#F6){ref-type="fig"} B). Under these conditions, application of PMA was sufficient to enhance whole-cell current amplitude. Because GTP-γ-S increases the level of available G~βγ~ subunits in the cytoplasm, we would expect PMA to have a slower effect when recording with GTP-γ-S than with GTP. We therefore measured the time constants of PMA\'s effect when prepulses were applied under both conditions. The time constant observed was 3.85 ± 0.69 min (*n* = 13) with GTP, and 5.18 ± 0.68 min (*n* = 3) with GTP-γ-S. In addition, because GTP-γ-S leads to a greater inhibition of current than GTP ([Fig. 1](#F1){ref-type="fig"} and [Fig. 2](#F2){ref-type="fig"}), we would expect PMA to cause a greater enhancement of whole-cell currents after dialysis of GTP-γ-S. As predicted, when prepulses were applied throughout the recording, PMA increased current amplitude approximately twofold ([Fig. 6](#F6){ref-type="fig"} C), compared with 1.3-fold with GTP ([Fig. 4](#F4){ref-type="fig"}). These results indicate that phosphorylation occurred only after G-proteins were displaced from the channel. Together with the finding that phosphorylation by PKC prevents G-protein--mediated inhibition, these findings support mutual exclusivity between G-protein binding and phosphorylation.

GDP-β-S Precludes PKC-mediated Enhancement of Current Amplitude
---------------------------------------------------------------

The above data indicate that PKC activation prevents G-protein--mediated inhibition. However, it is unclear whether PKC affects whole-cell currents in additional ways. Therefore, we next examined whether PKC modulates whole-cell currents in the absence of G-protein activity. When GDP-β-S was included in the pipette, we observed an increase in current amplitude after membrane breakthrough (not shown), consistent with previously published results ([Netzer et al. 1994](#Netzeretal1994){ref-type="bib"}). This increase is believed to be the result of a loss of tonic G-protein--mediated inhibition, a hypothesis supported by the complete loss of observable facilitation ([Fig. 1](#F1){ref-type="fig"} D and 2). Once this effect reached steady state (typically within 1 min of membrane breakthrough), we studied the effect of activating PKC on whole-cell currents. Unlike the significant increase observed when GTP or GTP-γ-S was included in the pipette, PMA had no significant effect on current amplitude when GDP-β-S was used ([Fig. 4](#F4){ref-type="fig"}).

Holding Potential--induced Inactivation of Whole-Cell Currents Is Not Affected by PKC Activation
------------------------------------------------------------------------------------------------

Although it did not affect current amplitude, PKC activation might affect other properties of the current. Thus, we next examined whether phosphorylation has an effect on holding potential--dependent inactivation. Data were collected from 100-ms test pulses to +10 mV, preceded by 2.2-s prepulses to varying potentials. For these experiments, no attempt was made to isolate fast inactivation from steady state inactivation; hence, all inactivation measured with this protocol was defined as holding potential--induced inactivation ([Fox et al. 1987](#Foxetal1987){ref-type="bib"}; [Jones and Marks 1989](#JonesandMarks1989){ref-type="bib"}; [Patil et al. 1998](#Patiletal1998){ref-type="bib"}). Normalized inactivation curves generated with this protocol are shown in [Fig. 7](#F7){ref-type="fig"} A. When GDP-β-S was included in the pipette, normalized current amplitude decreased as holding potential became less negative, reaching a minimum of ∼0.3 at around +20 mV. A slight but statistically significant recovery from inactivation was observed as the holding potential became more positive; this is consistent with previous reports of "U"-shaped inactivation curves recorded under similar conditions ([Patil et al. 1998](#Patiletal1998){ref-type="bib"}). Bath application of PMA was without effect on holding potential--induced inactivation, suggesting that phosphorylation, in the absence of G-protein activation, has no effect on inactivation. In contrast, including GTP in the pipette led to a lower degree of holding potential--induced inactivation, suggesting a possible role of G-protein modulation in protecting the channels from inactivation.

Changes in holding potential can also affect fast inactivation ([Patil et al. 1998](#Patiletal1998){ref-type="bib"}). Therefore, analyzing the same recordings presented in [Fig. 7](#F7){ref-type="fig"} A for fraction remaining provided an additional means of examining the effects of phosphorylation on inactivation in the absence of modulation by G-proteins. [Fig. 7](#F7){ref-type="fig"} B shows that, at negative holding potentials, cells containing GTP showed little fast inactivation, whereas cells containing GDP-β-S showed significantly more, consistent with the data presented in [Fig. 3](#F3){ref-type="fig"}. At less negative holding potentials, fast inactivation decreased, reaching a fraction remaining of ∼1. Applying PMA to cells dialyzed with GDP-β-S was without significant effect on fraction remaining, demonstrating that phosphorylation by PKC, in itself, does not affect inactivation of channels.

Stimulation of PKC Does Not Affect Voltage-dependent Activation of Whole-Cell Currents
--------------------------------------------------------------------------------------

Our data suggest that G-protein--mediated inhibition shifts the voltage dependence of current activation to more positive voltages ([Fig. 1](#F1){ref-type="fig"}). Moreover, previous data ([Zhu and Ikeda 1994](#ZhuandIkeda1994){ref-type="bib"}) demonstrated a voltage-dependent increase in tail current amplitude after application of PMA. Based on these findings, we hypothesized that this increase was due to a block of G-protein--mediated inhibition. To test this, voltage-dependent activation was examined under various recording conditions ([Fig. 8](#F8){ref-type="fig"} and [Table](#T1){ref-type="table"}). First, activation was measured when endogenous G-proteins were maximally stimulated by dialysis with GTP-γ-S ([Fig. 8](#F8){ref-type="fig"} B). Consistent with relief of G-protein--mediated inhibition, prepulses significantly facilitated voltage-dependent activation without shifting the threshold of activation. Cells dialyzed with GDP-β-S ([Fig. 8](#F8){ref-type="fig"} C) displayed voltage-dependent activation that was similar to cells recorded with prepulses after GTP-γ-S dialysis ([Table](#T1){ref-type="table"}). This is consistent with a loss of G-protein--mediated inhibition. Subsequent application of PMA had no effect on voltage-dependent activation, supporting the hypothesis that [Zhu and Ikeda 1994](#ZhuandIkeda1994){ref-type="bib"} reported increase in tail current amplitude was due to the loss of G-protein--mediated inhibition. More importantly, these results indicate that activation of PKC, in the absence of G-protein--mediated inhibition, does not affect activation of whole-cell currents.

DISCUSSION
==========

In this study, we sought to determine what effect, if any, activation of PKC by PMA has on whole-cell barium currents in neonatal rat SCG neurons, in the absence of G-protein modulation. Before proceeding with this analysis, however, we established that, under our recording conditions, whole-cell currents can undergo voltage-dependent G-protein--mediated inhibition, and that this inhibition is restricted to N-type currents ([Plummer et al. 1991](#Plummeretal1991){ref-type="bib"}). Moreover, dialysis with GDP-β-S was sufficient to minimize this inhibition. We also confirmed that, in cells dialyzed with GTP, activation of PKC reduced prepulse facilitation, enhanced current amplitude, and increased fast inactivation ([Swartz 1993](#Swartz1993){ref-type="bib"}; [Swartz et al. 1993](#Swartzetal1993){ref-type="bib"}). In addition, PMA reversed tonic inhibition, as demonstrated by comparing the effects of PMA with the effects of either applying prepulses or dialyzing the cell with GDP-β-S. Finally, as demonstrated previously ([Zhu and Ikeda 1994](#ZhuandIkeda1994){ref-type="bib"}), we found that activation of PKC enhanced non--N-type currents present in this cell type.

Having confirmed the presence of tonic G-protein--mediated inhibition, and its modulation by PKC, we next examined whether these two mechanisms can preclude one another. By examining the effect of PMA on current amplitude in the absence of prepulses, we demonstrated that G-protein--mediated inhibition is sufficient to block the effects of PKC activity. Moreover, our findings are consistent with the hypothesis that activation of PKC is sufficient to block G-protein--mediated inhibition. These results support a model of mutual exclusivity between phosphorylation and G-protein--mediated inhibition, consistent with previously published results ([Swartz 1993](#Swartz1993){ref-type="bib"}; [Zhu and Ikeda 1994](#ZhuandIkeda1994){ref-type="bib"}; [Zamponi et al. 1997](#Zamponietal1997){ref-type="bib"}; [Hamid et al. 1999](#Hamidetal1999){ref-type="bib"}).

Lastly, we examined whether PKC activation in the absence of G-protein--mediated inhibition causes additional modulation of whole-cell currents. When inhibition was first minimized by including GDP-β-S in the pipette solution, bath application of PMA was without significant effect on current amplitude, fast and holding potential--dependent inactivation, or voltage-dependent activation, suggesting that PKC\'s only role in modulating N-type currents is to block G-protein--mediated inhibition. These results are somewhat surprising since multiple putative PKC consensus sites are present on the pore-forming α~1B~ subunit ([Dubel et al. 1992](#Dubeletal1992){ref-type="bib"}). However, these findings are consistent with some recombinant studies that indicate that phosphorylation of select sites in the I--II linker of the α~1B~ subunit can account for the loss of inhibition by G-proteins ([Zamponi et al. 1997](#Zamponietal1997){ref-type="bib"}; [Hamid et al. 1999](#Hamidetal1999){ref-type="bib"}).

N-type calcium channels inhibited by G-proteins have been termed "reluctant" by [Bean 1989](#Bean1989){ref-type="bib"}, reflecting the channel\'s diminished response to changes in membrane potential ([Wanke et al. 1987](#Wankeetal1987){ref-type="bib"}; [Bean 1989](#Bean1989){ref-type="bib"}; [Ikeda 1991](#Ikeda1991){ref-type="bib"}; [Patil et al. 1996](#Patiletal1996){ref-type="bib"}). Because G-protein binding to the channel is sufficient to block PKC\'s effects, "reluctant" can be further defined as "reluctant and P-resistant," indicating that the channel is not only reluctant to open, but also resistant to phosphorylation by PKC ([Fig. 9](#F9){ref-type="fig"}). This G-protein--bound form of the channel may be important in mediating readily reversible modulation of neurotransmitter release ([Koh and Hille 1997](#KohandHille1997){ref-type="bib"}).

In contrast, channels not inhibited by G-proteins have been called "willing," indicating a more rapid response to changes in membrane potential ([Bean 1989](#Bean1989){ref-type="bib"}). Channel activity can shift from reluctant to willing with the application of a strong positive voltage pulse ([Bean 1989](#Bean1989){ref-type="bib"}; [Ikeda 1991](#Ikeda1991){ref-type="bib"}), or by a train of action potentials ([Williams et al. 1997](#Williamsetal1997){ref-type="bib"}), leading to facilitated whole-cell currents. Our results indicate the existence of at least two distinct willing forms of the channel, with phosphorylation by protein kinase C serving as the molecular switch between them ([Fig. 9](#F9){ref-type="fig"}). Channels not modulated by either G-proteins or phosphorylation constitute one willing form, which we call "willing and available," as these channels are willing to open, and are available for modulation by either G-protein activation or phosphorylation by PKC. Subsequent phosphorylation by PKC drives the channel into a second willing form, called "willing and G-resistant," meaning willing to open, but resistant to G-protein modulation. In contrast to the P-resistant form, this G-resistant form would allow for long-term facilitation of calcium currents in synaptic membranes.

In conclusion, we have confirmed that N-type calcium channel activity in neonatal rat SCG neurons undergoes voltage-dependent G-protein--mediated inhibition. In addition, stimulation of PKC enhances whole-cell barium currents by blocking this inhibition. Moreover, when G-proteins are activated with GTP-γ-S, enhancement by PMA only occurs after prepulses, indicating that G-proteins must dissociate from the channel to observe the effects of phosphorylation by PKC. Finally, we have demonstrated that, under our recording conditions, there appears to be no functional effect of phosphorylation by PKC on N-type calcium channel activity beyond causing a long-term block of G-protein--mediated inhibition. Because of the existence of many PKC consensus sites on the N-type calcium channel ([Dubel et al. 1992](#Dubeletal1992){ref-type="bib"}), future studies using other recording conditions might reveal additional effects of phosphorylation.
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Boltzmann Analysis of Activation Curves

  Bath solution          Pipette solution   Prepulse   n    V~h~\*   *k* ^‡^
  --------------- ------ ------------------ ---------- ---- -------- ---------
  Control         ○^§^   GTP-γ-S            −          6    36.9     19.8
  Control         •      GTP-γ-S            \+         6    10.6     10.4
  BLM                    GTP-γ-S            −          6    41.9     19.0
  BLM                    GTP-γ-S            \+         6    19.0     14.0
  Control         ⋄      GDP-β-S            −          21   8.3      6.6
  Control                GDP-β-S            \+         11   7.2      5.6
  BLM                    GDP-β-S            −          9    5.1      6.7
  BLM                    GDP-β-S            \+         6    −1.3     3.9
  PMA             ▵      GDP-β-S            −          13   8.0      8.6
  PMA                    GDP-β-S            \+         5    1.8      7.0
  4-α-PMA                GDP-β-S            −          7    2.9      4.9
  4-α-PMA                GDP-β-S            \+         7    1.2      4.1

\*Voltage eliciting half-maximal activation (mV). ^‡^Slope constant (mV/*e*-fold change). ^§^Symbols correspond to [Fig. 8](#F8){ref-type="fig"}

![Modulation of whole-cell barium currents by G-proteins and PMA. (A) The voltage protocol used to elicit the currents shown in B--E. (Left) Whole-cell sweeps; (right) mean current--voltage plots elicited with (•, *n* = 7--20) or without (○, *n* = 6--12) prepulses to +80 mV. In this and subsequent figures, the delay between the prepulse and test pulse is 5 ms, and error bars not visible are contained within the symbols. (B) Whole-cell currents were elicited in control bath solution with GTP in the pipette. (C) GTP-γ-S was substituted for GTP in the pipette solution. (D) GDP-β-S was substituted for GTP in the pipette. (E) The same cell shown in B, 2 min after bath application of 500 nM PMA. For all sweeps, the horizontal calibration bars are 100 ms, and the vertical calibration bars are 500 pA.](JGP8131.f1){#F1}

![Prepulses and PMA both increase voltage-dependent fast inactivation. (A) Fast inactivation was measured as the fraction of the initial inward current (1) that remains at the end of a 100-ms test pulse (2). (a) Control current elicited by the voltage command shown; (b) current elicited after bath application of 500 nM PMA. (B) Summary of fraction remaining, as defined in A, for unfacilitated (no prepulse, hatched columns) and facilitated (prepulse to +80 mV, solid columns) whole-cell currents. In control solution, application of a prepulse reduced the fraction remaining from 0.91 ± 0.02 to 0.77 ± 0.01 (*n* = 30). Bath application of 500 nM PMA (*n* = 15) led to a reduction in unfacilitated fraction remaining (0.74 ± 0.02), whereas facilitated currents in PMA were not significantly different than facilitated control currents (0.80 ± 0.01). 500 nM 4-α-PMA, 100 nM BLM, and PMA after BLM were all without effect. As with PMA, dialysis with GDP-β-S (*n* = 11) reduced the unfacilitated fraction remaining (0.71 ± 0.01), but was without effect on facilitated currents (0.78 ± 0.01). In contrast, dialysis with GTP-γ-S (*n* = 7) greatly increased the unfacilitated fraction remaining (1.11 ± 0.04), but, as with all other treatments, was without effect on facilitated currents (0.74 ± 0.02). \**P* \< 0.05 compared with unfacilitated control.](JGP8131.f3){#F3}

![Summary of facilitation, expressed as the ratio of current amplitude after a prepulse to current amplitude before a prepulse. Control facilitation was 1.71 ± 0.06 (*n* = 34). Application of 500 nM PMA reduced facilitation to 1.01 ± 0.02 (*n* = 19). In contrast, 500 nM 4-α-PMA, 100 nM BLM, and PMA after BLM were all without significant effect. Substituting 0.1 mM GDP-β-S for GTP in the pipette solution decreased facilitation to 0.91 ± 0.02 (*n* = 11), whereas substituting 0.1 mM GTP-γ-S for GTP increased facilitation to 2.76 ± 0.14 (*n* = 9). After a 10-min incubation with 1 μM CTX, control facilitation was lost (0.92 ± 0.03, *n* = 12), and subsequent application of PMA was without further effect (0.91 ± 0.04, *n* = 4). \**P* \< 0.001 compared with control.](JGP8131.f2){#F2}

![The effects of PMA on current amplitude, facilitation, and fast inactivation follow a parallel time course in a single whole-cell recording. (A and C) Open symbols represent currents elicited without a prepulse; closed symbols represent currents elicited after a prepulse to +80 mV. 500 nM PMA was applied to the bath where indicated by the solid bar. (A) Time course of peak inward current. (B) Time course of facilitation, as calculated in [Fig. 2](#F2){ref-type="fig"}. (C) Fraction remaining was calculated as in [Fig. 3](#F3){ref-type="fig"} and plotted against time.](JGP8131.f5){#F5}

![Summary of fold change in peak inward current amplitude for unfacilitated (no prepulse, hatched columns) and facilitated (prepulse to +80 mV, solid columns) whole-cell currents elicited at +10 mV. 500 nM PMA (*n* = 18) increased unfacilitated currents by 1.31 ± 0.05-fold, but was without effect on facilitated currents (0.92 ± 0.04-fold). 500 nM 4-α-PMA was without effect, and 100 mM BLM blocked PMA\'s effects. Application of PMA after dialysis with GDP-β-S (*n* = 8) was without effect (1.03 ± 0.09-fold for unfacilitated, and 0.94 ± 0.06-fold for facilitated). After a 10-min preincubation in 1 μM CTX (*n* = 8), PMA caused slight but significant increases in both unfacilitated and facilitated currents (1.14 ± 0.02-fold and 1.16 ± 0.02-fold, respectively). \**P* \< 0.005 compared with control.](JGP8131.f4){#F4}

![G-protein--mediated inhibition blocks PMA\'s effects on whole-cell currents. (A--B) Currents were elicited by stepping to +10 mV, and peak inward current was plotted against time (left). GTP-γ-S was included in the pipette solution, and 500 nM PMA was applied to the bath as indicated by the solid bars. At the right are individual sweeps from the times indicated. (A) Currents were elicited without applying prepulses, except where indicated by •, which were evoked following a prepulse to +80 mV. (B) In a second experiment, currents were elicited using the voltage protocol shown in A; prepulses were applied every other sweep, and currents evoked without a prepulse are plotted. (C) Summary of the fold change in current amplitude after application of PMA. In the absence of prepulses, PMA caused a 1.04 ± 0.13-fold change in current amplitude (*n* = 4). In contrast, when alternating test pulses were preceded by prepulses, applying PMA increased current amplitude 2.12 ± 0.17-fold (*n* = 4). \**P* \< 0.005 compared with those without prepulses.](JGP8131.f6){#F6}

![Phosphorylation by PKC and modulation by G-proteins are mutually exclusive. Unmodulated N-type calcium channels are willing and available for either G-protein modulation or phosphorylation by PKC (Willing/Available). G-protein binding leads to a reluctant channel that is resistant to phosphorylation (Reluctant/P-Resistant). Alternatively, phosphorylation by PKC leads to a willing channel that is resistant to G-protein interactions (Willing/G-Resistant). Note that shifting from P-reluctant to G-reluctant (and vice versa) requires a transition through the willing and available form of the channel.](JGP8131.f9){#F9}

![Activation of PKC does not affect holding potential--dependent inactivation. Currents were elicited by first applying a 2.2-s prepulse of varying voltage, followed 5-ms later by a 100-ms step to +10 mV. ○ were obtained with GTP in the pipette (*n* = 6), □ were obtained with 0.1 mM GDP-β-S substituted for GTP (*n* = 7), and ▪ were obtained with 0.1 mM GDP-β-S in the pipette and 500 nM PMA in the bath (*n* = 6). The symbol key pertains to both A and B. (A) Normalized holding potential--induced inactivation plots were generated by measuring the peak inward current during test pulses to +10 mV from each holding potential, and then dividing by the maximum current obtained. No statistically significant difference exists between the two sets of GDP-β-S data. (B) The fraction of current remaining was calculated as in [Fig. 3](#F3){ref-type="fig"}. No statistically significant difference exists between the two sets of GDP-β-S data. \**P* \< 0.05 versus GDP-β-S and versus GDP-β-S + PMA.](JGP8131.f7){#F7}

![Activation of PKC does not alter the voltage dependence of activation of whole-cell barium currents. (A) Activation plots were generated using a voltage command consisting of 15-ms pulses to incremental test potentials, either with or without a 100-ms prepulse to +80 mV. Shown are two currents elicited, at the voltage indicated, with GDP-β-S in the pipette solution. Fast tail current amplitudes (A, inset) were measured at the dashed line, normalized, and then plotted against test potential (B). Boltzmann fits (see [methods]{.smallcaps}) were applied to the data (solid lines), and all curves were fit with a Chi-square value of \<0.002. (B) When 0.1 mM GTP-γ-S was included in the pipette solution, the threshold for activation was approximately −20 mV (−PP, ○). Applying prepulses (+PP, •) was without effect on the threshold of activation, but the voltage eliciting half-maximal activation was shifted negative. \**P* \< 0.01 versus no prepulse. (C) When the pipette solution contained 0.1 mM GDP-β-S, unfacilitated control (⋄) and PMA (500 nM, ▵) activation plots were virtually indistinguishable. See [Table](#T1){ref-type="table"} for values and sample sizes.](JGP8131.f8){#F8}
